Mitochondrial reactive oxygen species (mtROS) generated continuously under physiological conditions have recently emerged as critical players in the regulation of immune signaling pathways. In this study we have investigated the regulation of antiviral signaling by increased mtROS production in plasmacytoid dendritic cells (pDCs), which, as major producers of type I interferons (IFN), are the key coordinators of antiviral immunity. The early phase of type I IFN production in pDCs is mediated by endosomal Toll-like receptors (TLRs), whereas the late phase of IFN response can also be triggered by cytosolic retinoic acid-inducible gene-I (RIG-I), expression of which is induced upon TLR stimulation. Therefore, pDCs provide an ideal model to study the impact of elevated mtROS on the antiviral signaling pathways initiated by receptors with distinct subcellular localization. We found that elevated level of mtROS alone did not change the phenotype and the baseline cytokine profile of resting pDCs. Nevertheless increased mtROS levels in pDCs lowered the TLR9-induced secretion of pro-inflammatory mediators slightly, whereas reduced type I IFN production markedly via blocking phosphorylation of interferon regulatory factor 7 (IRF7), the key transcription factor of the TLR9 signaling pathway. The TLR9-induced expression of RIG-I in pDCs was also negatively regulated by enhanced mtROS production. On the contrary, elevated mtROS significantly augmented the RIG-I-stimulated expression of type I IFNs, as well as the expression of mitochondrial antiviral-signaling (MAVS) protein and the phosphorylation of Akt and IRF3 that are essential components of RIG-I signaling. Collectively, our data suggest that increased mtROS exert diverse immunoregulatory functions in pDCs both in the early and late phase of type I IFN responses depending on which type of viral sensing pathway is stimulated.
A B S T R A C T
Mitochondrial reactive oxygen species (mtROS) generated continuously under physiological conditions have recently emerged as critical players in the regulation of immune signaling pathways. In this study we have investigated the regulation of antiviral signaling by increased mtROS production in plasmacytoid dendritic cells (pDCs), which, as major producers of type I interferons (IFN), are the key coordinators of antiviral immunity. The early phase of type I IFN production in pDCs is mediated by endosomal Toll-like receptors (TLRs), whereas the late phase of IFN response can also be triggered by cytosolic retinoic acid-inducible gene-I (RIG-I), expression of which is induced upon TLR stimulation. Therefore, pDCs provide an ideal model to study the impact of elevated mtROS on the antiviral signaling pathways initiated by receptors with distinct subcellular localization. We found that elevated level of mtROS alone did not change the phenotype and the baseline cytokine profile of resting pDCs. Nevertheless increased mtROS levels in pDCs lowered the TLR9-induced secretion of pro-inflammatory mediators slightly, whereas reduced type I IFN production markedly via blocking phosphorylation of interferon regulatory factor 7 (IRF7), the key transcription factor of the TLR9 signaling pathway. The TLR9-induced expression of RIG-I in pDCs was also negatively regulated by enhanced mtROS production. On the contrary, elevated mtROS significantly augmented the RIG-I-stimulated expression of type I IFNs, as well as the expression of mitochondrial antiviral-signaling (MAVS) protein and the phosphorylation of Akt and IRF3 that are essential components of RIG-I signaling. Collectively, our data suggest that increased mtROS exert diverse immunoregulatory functions in pDCs both in the early and late phase of type I IFN responses depending on which type of viral sensing pathway is stimulated.
Introduction
Under oxidative stress conditions the intracellular levels of reactive oxygen species (ROS) are elevated that by damaging different biological targets such as proteins, lipids or DNA can lead to a variety of pathologies. Nevertheless, functioning as signaling molecules, endogenous ROS can contribute to the maintenance of redox balance and thus to the physiological functions of the cells [1] . Although multiple mechanisms can generate ROS within the cells in vivo, the mitochondrial electron transport chain is assumed to be the major source of endogenous ROS [2] . In the respiratory chain electrons are passed through a series of protein complexes (labeled Complex I-IV) via redox reactions. As a natural process, some electrons leave the electron transport chain and react with molecular oxygen leading to the formation of mitochondrial ROS (mtROS), the natural byproducts of oxidative metabolism. Mitochondrial ROS have two faces: on the one hand, they maintain a favorable redox balance [3] , on the other hand, contribute to the pathogenesis of various oxidative stress-related diseases (reviewed in [4] ). Mitochondrial Complexes I-III are the major sources of mtROS production: Complexes I and II release mtROS into the matrix, whereas Complex III can produce them both into the matrix and the intermembrane space of mitochondria [2, 5] . Mitochondrial ROS can easily penetrate from the intermembrane space to the cytosol and act as signaling molecules via directly modifying the activity of cell-signaling components, thus influencing the outcome of signal transduction pathways [6, 7] .
An extensive body of literature indicates the involvement of mtROS in multiple signaling pathways (reviewed in [3] ) including antiviral responses (reviewed in [8] ), which is in the focus of our present study. However, the putative regulatory role of mtROS on signaling induced by antiviral sensors of plasmacytoid dendritic cells (pDCs) has not been investigated yet. Plasmacytoid DCs are the key regulators of antiviral immunity and as professional type I interferon (IFN) producing cells, they secrete 200-1000 times more type I IFNs than other leukocytes or IFN-producing tissue cells (e.g. reactive epithelium) in response to viruses [9] . The robust type I IFN production of pDCs is critical in the clearance of certain acute viral infections as shown by the depletion of pDCs that leads to impaired type I IFN secretion and persistence of viral infection [10] .
Viruses are very heterogeneous in structure, genomic composition, and replication strategy; therefore, multiple sensors are required to detect their presence in various cellular compartments. The initial recognition of virus-derived nucleic acids and the first wave of type I IFN production are mainly mediated by endosomal Toll-like receptor (TLR) 7 and 9 in pDCs that are selectively expressed in these cells. In the early phase of viral infection pDCs circulating in blood or locating in secondary lymphoid tissues engulf non-infectious viral particles or apoptotic bodies from infected cells and produce high amount of type I IFNs that is independent of intrinsic viral replication in pDCs [11] . Later on, when pDCs leave the bloodstream and accumulate at the site of infection, they might become infected by viruses that requires the detection of viral replication intermediates by cytosolic receptors such as retinoic acid-inducible gene-I (RIG-I)-like helicases [12] . We have previously demonstrated that in contrast with conventional dendritic cells and macrophages [13] , RIG-I is not expressed in resting pDCs, but it can be upregulated by endosomal TLR stimulation [14] . Based on our results we proposed a model where TLRs orchestrate the first phase of type I IFN production whereas RIG-I participates only in the late phase of antiviral responses by boosting the production of type I IFNs in pDCs.
Based on the unique expression of the above mentioned viral sensors in pDCs, we aimed to investigate the possible regulatory role of mtROS on the antiviral signaling pathways initiated by receptors localized to different cellular compartments. To this end, we studied the potential impact of elevated mtROS levels on the early phase of type I IFN production mediated by endosomal TLRs and on the late phase of type I IFN secretion induced by the cytosolic RIG-I sensor in pDCs.
Materials and methods

Cell line
In most of our experiments we used the human plasmacytoid dendritic cell line GEN2.2 [49] (kindly provided by Dr. Joel Plumas and Dr. Laurence Chaperot, Research and Development Laboratory, French Blood Bank Rhône-Alpes, Grenoble, France), which is deposited with the CNCM (French National Collection of Microorganism Cultures) under the number CNCMI-2938. GEN2.2 cells were grown on a layer of mitomycin C (Sigma-Aldrich, St. Louis, MO, USA)-treated murine MS5 feeder cells (Cat. no. ACC 441, Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% heatinactivated FBS (Life Technologies Corporation, Carlsbad, CA, USA), 100 U/ml penicillin, 100 ng/ml streptomycin (both from Sigma-Aldrich) and 5% non-essential amino acids (Life Technologies Corporation). For experiments, the GEN2.2 cells were removed from the feeder layer and seeded on 24-well plates at a concentration of 5 × 10 5 cells/ 500 μl in complete RPMI 1640 medium (Sigma-Aldrich). Cell lines were grown and incubated at 37°C in 5% CO 2 humidified atmosphere.
Isolation and culturing of primary human pDCs
Primary pDCs were isolated from human heparinized leukocyteenriched buffy coats, which were obtained from healthy blood donors drawn at the Regional Blood Center of Hungarian National Blood Transfusion Service (Debrecen, Hungary) in accordance with the written approval of the Director of the National Blood Transfusion Service and the Regional and Institutional Ethics Committee of the University of Debrecen, Faculty of Medicine (Debrecen, Hungary). Peripheral blood mononuclear cells (PBMCs) were isolated using FicollPaque (GE Healthcare, Uppsala, Sweden) density gradient centrifugation. Plasmacytoid DCs were then purified from PBMCs by positive selection using the human CD304 (BDCA-4/Neuropilin-1) MicroBead Kit (Miltenyi Biotec, Bergish Gladbach, Germany), according to the manufacturer's protocol. After separation on VarioMACS magnet, the purity of isolated pDCs was > 96% as confirmed by flow cytometry.
Freshly isolated pDCs were cultured in 48-well cell culture plates at a density of 5 × 10 5 cells/ml in RPMI 1640 medium (Sigma-Aldrich)
supplemented with 10% heat-inactivated FBS (Life Technologies Corporation), 2 mM L-glutamine, 100 U/ml penicillin, 100 ng/ml streptomycin (all from Sigma-Aldrich), and 50 ng/ml recombinant human IL-3 (Peprotech EC, London, UK). During treatments cells were incubated at 37°C in a humidified atmosphere containing 5% CO 2 .
Induction of elevated level of mtROS
To induce elevated mtROS generation, cells were treated with Antimycin-A (AMA; Sigma-Aldrich). To detect mtROS production GEN2.2 cells were stained with 5 µM MitoSox™ Red mitochondrial superoxide indicator (Life Technologies Corporation) according to the manufacturer's recommendations. The MitoSox™ Red loaded cells were exposed to increasing concentrations of AMA (0.1, 0.2, 0.5, 1 and 2 µg/ ml; Sigma-Aldrich) for 6 h. In parallel experiments cells were also treated with MitoTEMPO (300 µM, Sigma-Aldrich), a mitochondriatargeted antioxidant, which is a specific scavenger of mtROS. MitoTEMPO was added 1 h prior to or along with the AMA treatment. Following treatments the fluorescence intensity of MitoSox™ Red was measured at 580 nm with FACS Calibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and data were analyzed by FlowJo software (Treestar, Ashland, OR, USA). The viability of the AMA-exposed cells was assessed by 7-aminoactinomycin-D (7-AAD; 10 µg/ml; Sigma-Aldrich) staining using flow cytometric analysis.
Cell stimulation
For activation, cells were exposed to the TLR9 agonist CpG-A (ODN 2216, 1 μM; Cat. no. HC4037 from Hycult Biotech, Uden, The Netherlands) in the absence or presence of AMA (0.5 μg/ml; SigmaAldrich) for 6 h. The optimal concentration of AMA was chosen based on preliminary experiments performed on GEN2.2 cells.
To induce RIG-I expression, cells were incubated with 0.25 μM CpG-A for 16 h. Thereafter cells were washed, re-seeded in fresh, complete RPMI 1640 medium and stimulated with 5′ triphosphate-double stranded RNA (5′ppp-dsRNA, Cat. no. tlrl-3prna from InvivoGen, San Diego, CA, USA), a specific agonist of RIG-I, complexed with the transfection reagent LyoVec™ (InvivoGen), according to the manufacturer's recommendations. Briefly, 25 μl of the 5′ppp-dsRNA-LyoVec complex containing 1 μg/ml working concentration of the RIG-I ligand was added to the cells for the indicated time period in all experiments. In parallel experiments cells were exposed to 0.5 μg/ml AMA (SigmaAldrich) in combination with 5′ppp-dsRNA. 
Flow cytometry
ELISA
Cell culture supernatants were harvested after 6 h of treatments and the concentrations of TNF-α, IL-6 and IL-8 were measured with the BD OptEIA human ELISA kits (BD Biosciences, San Diego, CA, USA). The pre-coated human IFN-α ELISA kit was purchased from PBL InterferonSource (Piscataway, NJ, USA). Assays were performed according to the manufacturer's instructions. Absorbance measurements were carried out by a Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT, USA) at 450 nm.
Quantitative real time PCR
Total RNA was isolated from 5 × 10 5 cells using TRI reagent (Molecular Research Center, Inc., Cincinnati, OH, USA). Total RNA (1 μg) was treated with DNase I (Thermo Fisher Scientific, Waltham, MA, USA) to exclude amplification of genomic DNA then reverse transcribed into cDNA using the High Capacity cDNA RT Kit of Applied Biosystems (Carlsbad, CA, USA). The cDNA products were diluted at a ratio of 1:2, then amplified using Dream Taq DNA Polymerase (Thermo Fisher Scientific) and IFNA1 (Assay ID Hs. PT.49a.3184790.g, Integrated DNA Technologies, Coralville, IA, USA) gene-specific assay according to the manufacturer's instructions. Quantitative PCR was performed using the ABI StepOne Real-Time PCR System (Applied Biosystems) and cycle threshold values were determined using the StepOne v2.1 Software (Applied Biosystems). The relative amount of mRNA (2 −ΔCt ) was obtained by normalizing to the cyclophilin house keeping gene in each experiment.
Western blotting
For Western blotting 5 × 10 5 cells were lysed in Laemmli buffer and then the protein extracts were resolved by SDS-PAGE using 10% polyacrylamide gels and electro-transferred to nitrocellulose membranes (Bio-Rad Laboratories GmbH, Munich, Germany). Non-specific binding sites were blocked with 5% non-fat dry milk (or 5% BSA in case of phospho-IRF3) diluted in TBS Tween buffer (50 mM Tris, 0.5 M NaCl, 0.05% Tween-20, pH 7. 3993, Cell Signaling) and anti-beta-actin (Cat. no. sc-47778, Santa Cruz Biotechnology). The bound primary antibodies were detected with antimouse or anti-rabbit horseradish peroxidase-conjugated secondary antibodies (GE Healthcare, Little Chalfont, Buckinghamshire, UK) at a dilution of 1:10,000 and were visualized by the ECL system using SuperSignal West Pico or Femto chemiluminescent substrates (Thermo Scientific, Rockford, IL, USA) and X-ray film exposure. Densitometric analysis of immunoreactive bands was performed using the Kodak 1D Image Analysis Software version 3.6 (Kodak Digital Science Imaging, Eastman Kodak Company, New Haven, CT, USA). To ensure equal protein loading after staining with phospho-IRF7, phospho-IRF3 and phospho-Akt specific antibodies the membranes were stripped and reprobed with anti-IRF7, anti-IRF3 and anti-Akt1 antibodies, respectively.
Beta-actin served as loading control for RIG-I and MAVS.
Statistical analysis
Data from the different treatment groups were analyzed by Student's unpaired t-test or ANOVA, followed by Bonferroni post hoc analyses for least-significant differences. Data analysis was performed with GraphPad Prism v.6. software (GraphPad Software Inc., La Jolla, CA, USA). Differences were considered to be statistically significant at p < 0.05.
Results
AMA treatment increases mtROS production in GEN2.2 cells that can be prevented by pre-treatment with the antioxidant MitoTEMPO
The availability of human pDCs is limited due to their low frequency in peripheral blood [9] . To overcome this limitation, in most of our experiments we have used the human plasmacytoid dendritic cell line GEN2.2, which is functionally similar to primary pDCs [15] . In the first step we have investigated the sensitivity of GEN2.2 cells to AMA, an inhibitor of mitochondrial electron transport chain that we used to increase mtROS generation in the cells. AMA binding to the quinone reduction site of the cytochrome bc1 Complex (Complex III) inhibits the transfer of electrons and subsequently leads to the release of ROS into the mitochondrial matrix and to the intermembrane space [5] . First we have determined the optimal concentration of AMA that increases the level of mtROS consistently without affecting cell viability. To this end, GEN2.2 cells were loaded with MitoSox™ Red mitochondrial superoxide indicator and then exposed to increasing concentration of AMA (as described in Materials and Methods) for 6 h. Although, the intensity of MitoSox™ Red fluorescence increased in a dose dependent-manner, we observed a significant decrease in cell viability when reaching the AMA concentration of 1 μg/ml (data not shown). However, exposure to 0.5 µg/ml of AMA resulted in a substantial and consistent increase in MitoSox™ Red fluorescence intensity (Fig. 1A, B) , while did not affect cell viability assessed by 7-AAD staining (Fig. 1C) . Thus, to mimic the elevated production of mtROS in GEN2.2 cells induced by metabolic changes or different stress signals under in vivo conditions AMA was used at 0.5 µg/ml concentration in all our further experiments.
To verify that the increased fluorescence intensity of MitoSox™ Red was due to the AMA-induced mtROS production we have repeated our measurements in the presence of the mitochondria-targeted antioxidant MitoTEMPO [16] . Pre-treatment of cells with MitoTEMPO and its parallel administration with AMA almost completely abolished the AMAinduced mtROS generation in GEN2.2 cells. These results indicate that the increased MitoSox™ Red fluorescence was indeed due to mtROS production triggered by the inhibition of Complex III activity and not to other factors (Fig. 1A, B) .
Increased levels of mtROS do not alter significantly the CpG-A-induced phenotypical changes of GEN2.2 cells but diminish their pro-inflammatory cytokine and chemokine release
In the next step we investigated the effects of elevated mtROS production on the phenotype and pro-inflammatory cytokine and chemokine secretion of pDCs treated with CpG-A, a synthetic oligonucleotide with unmethylated CpG motifs mimicking viral DNA [17] . This type of CpG oligonucleotides is a potent activator of TLR9 and can result in robust type I IFN production in pDCs [18] . Non-activated and CpG-A-activated pDCs were exposed to AMA and changes in the expression of cell surface markers were monitored by flow cytometry, whereas the amount of secreted IL-6, TNF-alpha and IL-8 proteins in the cell culture supernatants was measured by ELISA. Specifically, we investigated the expression of the CD40, CD80 and CD86 costimulatory molecules and the MHC class II family protein HLA-DQ that represents the activation and subsequent maturation of dendritic cells [19] . Our results show that the AMA-induced production of mtROS does not affect cell surface expression of the above mentioned molecules indicating that the elevated level of mtROS alone does not lead to the activation and the maturation of pDCs ( Fig. 2A-D) . Nevertheless, co-stimulation of pDCs with AMA and the TLR9 agonist CpG-A, which significantly increases the cell surface expression of all examined molecules when applied alone, resulted in a moderate but not significant decrease in the expression of CD40, CD86 and HLA-DQ ( Fig. 2A, C, D) , whereas did not affect the expression of CD80 (Fig. 2B) . Treatment of the GEN2.2 cells with AMA alone does not affect their basal cytokine and chemokine secretion, whereas it decreases significantly the TLR9-ligand induced production of TNF-alpha and IL-8 (Fig. 3B, C) . In levels of IL-6 we could not observe significant changes upon AMA treatment of TLR9-stimulated cells (Fig. 3A) . Based on our data, elevated production of mtROS tends to inhibit TLR9-induced activation of pDCs and its effects are more apparent on cytokine and chemokine release than on phenotypic changes.
3.3. Mitochondrial ROS suppress the CpG-A-induced production of IFN-α via blocking IRF7 phosphorylation in GEN2.2 cells
The unique capability of pDCs is the massive production of type I IFNs in response to a wide range of viruses [9] . Therefore, in our next experiments we aimed to reveal the impact of elevated mtROS levels on type I IFN production of pDCs. Previously we have described that the type I IFN production of pDCs occurs in two waves. Endosomal TLRs mediate the initial activation of the cells, whereas cytosolic RIG-I receptors induced by TLR activation can be engaged in the second wave of type I IFN responses [14] . First we investigated how increased mtROS affect the initial wave of type I IFN production induced by endosomal TLR activation. Resting or TLR9-stimulated GEN2.2 cells were treated with AMA and 6 h after stimulation the expression of IFNA1 gene and the production of IFN-α were measured. We found that administration of AMA does not affect the baseline expression of type I IFN genes (Fig. 4A) , and we could not detect IFN-α production in either unstimulated or in AMA-treated cell (Fig. 4B) , indicating that the elevated level of mtROS alone does not induce type I IFN production of pDCs. However, the CpG-A-induced expression of type I IFNs was significantly decreased at both mRNA and protein levels when cells were activated in the presence of AMA (Fig. 4A, B) .
Activation of the endosomal TLR9 receptor leads to the phosphorylation of the IRF7 transcription factor through the MyD88-dependent signaling pathway resulting in the production of type I IFNs [20] . To analyze the molecular mechanism of the observed inhibitory effects of elevated mtROS on TLR9-mediated signal transduction, we have investigated the impact of AMA treatment on the activity of IRF7. We have found that AMA alone does not alter the phosphorylation of IRF7 in resting cells, whereas it decreases this process in TLR9-stimulated pDCs (Fig. 4C, D) . Our data indicate that the negative regulatory effect of mtROS on the phosphorylation of IRF7 in the TLR9 signaling pathway may be responsible for the diminished production of type I IFNs in pDCs.
Elevated mtROS level decreases the CpG-A induced expression of RIG-I
The second wave of type I IFN responses can be mediated by cytosolic RIG-like helicases only after their expression is upregulated by endosomal TLR activation in pDCs [14] . To investigate the effect of elevated mtROS level on RIG-I-mediated type I IFN production of pDCs, first, we have determined the lowest concentration of CpG-A which still provides a robust induction of RIG-I in GEN2.2 cells. Based on our dose- response curve obtained by using Western blot, we have found that 0.25 μM concentration of CpG-A can boost the expression of RIG-I (Fig. 5A, B) . Significant RIG-I expression was induced after 16 h of stimulation with CpG-A that was only slightly further increased by 24 h (Fig. 5C, D) . Therefore, to induce RIG-I expression GEN2.2 cell were treated with 0.25 μM of CpG-A for 16 h in our subsequent experiments.
Next, we have studied the effect of elevated mtROS levels on the TLR9-induced expression of RIG-I. We have found that RIG-I is not expressed in untreated or AMA-treated cells; however, the presence of AMA interfered with the TLR9-induced expression of RIG-I significantly (Fig. 5E, F) . These data together suggest that elevated levels of mtROS inhibit both the early wave of type I IFN responses and the endosomal TLR-induced expression of RIG-I in pDCs.
Increased level of mtROS enhances type I IFN production in RIG-Iactivated GEN2.2 cells whereas decreases it in CpG-A re-stimulated cells
Next we analyzed how the elevated level of mtROS might influence the second wave of type I IFN production triggered by RIG-I. As we have shown previously resting primary pDCs [14] as well as resting GEN2.2 cells (Fig. 5A-F) do not express RIG-I at the protein level. Therefore, we provoked the upregulation of RIG-I in GEN2.2 cells using the TLR9 ligand CpG-A as described previously (Fig. 5A-D) . After 16 h of stimulation the cell supernatants were removed and after thorough washing steps the cells were harvested and re-seeded in fresh medium as described in the Materials and Methods. After treatment of pDCs with 5′ppp-dsRNA, a synthetic RIG-I ligand, which mimics replicating viral RNA intermediates, type I IFN production was determined by Q-PCR and Western blotting.
We have found that GEN2.2 cells are able to response to 5′ppp-dsRNA treatment and produce type I IFNs when pre-activated by TLR9 ligand (Fig. 6A, B) . These data imply that similar to primary pDCs, TLR9-mediated signals induce the expression of functional RIG-I in GEN2.2 cells. Interestingly, addition of AMA together with 5′ppp-dsRNA, the specific RIG-I-ligand, augmented the RIG-I-elicited type I IFN production (Fig. 6A, B ). These data demonstrate that the endosomal TLR-mediated early phase is inhibited (Fig. 4A, B) , whereas the RIG-Imediated late phase of type I IFN production is intensified by the elevated mtROS levels.
To exclude the possibility that the opposing regulatory effects of increased mtROS on TLR9-and RIG-I-mediated cellular responses are due to the different activation state of pDCs at the time of mtROS induction, in parallel experiments, GEN2.2 cells were activated with a small dose of CpG-A (0.25 µM) then re-stimulated with a higher dose of CpG-A (1 µM) in the presence or absence of AMA (Fig. 6C, D) . A negative regulatory role of elevated mtROS on type I IFN production was also found when pDCs were re-stimulated by endosomal TLR ligand and not by RIG-I-specific ligand (Fig. 6C, D) . These observations suggest that regulatory effects of increased mtROS on type I IFN responses of pDCs are signaling pathway specific but are independent of the activation state of the cells.
Elevated level of mtROS has similar effects on the first and second wave of type I IFN responses in primary human pDCs as in GEN2.2 cells
To validate the opposing modulatory role of mtROS in the regulation of type I IFN production by pDCs, we isolated primary human pDCs from peripheral blood of healthy donors and performed the same experiments as on GEN2.2 cells. We found that similarly to GEN2.2 cells, AMA treatment significantly inhibited the TLR9-induced IFN-α production (Fig. 7A, B) , whereas significantly increased the RIG-I-initiated IFN-α secretion in primary human pDCs (Fig. 7C, D) . These results further support our observations that mtROS have a versatile regulatory function in the coordination of the early and late phase of type I IFN responses in human pDCs.
Increased level of mtROS positively regulates the expression and the phosphorylation of the key signaling molecules of the RIG-I signaling cascade
In the last set of experiments, we have investigated the expression level and the phosphorylation state of the key signaling components in the RIG-I pathway to assess their relation to the positive regulatory role of enhanced mtROS production.
RIG-I expression in GEN2.2 cells was induced as described above and then cells were activated with 5′ppp-dsRNA in the presence or absence of AMA. Following treatments, we have analyzed the expression of MAVS (also known as IPS-1 or Cardif) adaptor protein, and the phosphorylation of IRF3 in cell lysates by Western blotting. MAVS protein level was similar in control and 5′ppp-dsRNA stimulated cells; however, it was increased significantly by co-treatment with 5′ppp-dsRNA and AMA (Fig. 8A, B) . Furthermore, we have also found that the RIG-I-induced IRF3 phosphorylation was significantly higher upon cotreatment of pDCs with RIG-I ligand and AMA compared to treatment with 5′ppp-dsRNA only (Fig. 8C, D) .
Previous publications have revealed that the phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway is upregulated upon viral infection and required for the complete activation and phosphorylation of IRF3 [21] . Furthermore, activation of PI3K/Akt signaling has already been shown to be regulated in a redox-sensitive manner [22] . Based on these observations we have analyzed the activation of Akt in the presence of elevated mtROS levels. Our data demonstrate that stimulation of pDCs with 5′ppp-dsRNA tends to increase the phosphorylation of Akt; however, the changes are not significant compared to the control (Fig. 8E, F) . Nevertheless, co-exposure of the cells to 5′ppp-dsRNA and AMA resulted in a significant increase in Akt phosphorylation compared both to the control and to the cells stimulated with 5′ppp-dsRNA only (Fig. 8E, F) . Based on our results enhanced mtROS level exerts a direct, activating effect on RIG-I signaling and contributes to the RIG-I induced type I IFN production of pDCs. 
Discussion
Mitochondria-derived ROS are continuously generated under normal conditions and at physiological levels they function as second messengers in a broad range of signaling pathways, thus exert beneficial effects on several cellular processes [4] . Nevertheless, the increased production of mtROS has been associated with multiple pathologies such as cancer, hypertension, atherosclerosis, diabetes, autoimmune disorders [4] or age-related diseases [23] . Over the past decades a myriad of studies also demonstrated the critical role of mtROS in cellular signaling pathways and innate immune responses including antiviral and antibacterial immunity [24] [25] [26] . In this study we aimed to characterize the role of mtROS in the TLR-and RIG-Imediated type I IFN responses in human pDCs that play a pivotal role in antiviral immunity.
Various exogenous and endogenous stimuli, including immunoreceptor ligation, cytokine stimulation, hypoxia and infections can increase mtROS levels. Besides other pathogens, a number of viruses cause oxidative stress to the host cells to manipulate signaling pathways and promote their replication [27] [28] [29] . Infections by bloodborne hepatitis viruses, human immunodeficiency virus, influenza A, Epstein-Barr virus, respiratory syncytial virus, and other viruses can increase ROS production or decrease cytosolic antioxidant levels (reviewed in [30] ). Increased ROS production might contribute to alterations in mitochondrial functions and dysfunctional mitochondria, in turn, can contribute to exacerbate oxidative stress [31] . Furthermore, certain viral proteins are able to directly [32] or indirectly [33] trigger enhanced release of ROS from mitochondria. Not only replication of viruses in the host cells but also sensing of viral components and damage-associated molecular pattern (DAMP) molecules by immune cells via pattern recognition receptors can boost mtROS generation. It has been demonstrated that stimulation of cell surface TLRs (TLR1, TLR2 and TLR4) but not of endosomal TLRs (TLR3, TLR7, TLR8 and TLR9) resulted in increased mtROS production through TNF-receptor associated factor 6 (TRAF6) and evolutionarily conserved signaling intermediate in Toll pathway (ECSIT) signaling [34] . When TRAF6 and ECSIT were depleted, macrophages produced significantly less mtROS that resulted in decreased bactericidal activity [34] . Plasmacytoid DCs are considered to be a unique dendritic cell subset that exhibit a distinct TLR repertoire and rely mainly on the endosomal TLR7 and TLR9 receptors to sense viral infections. However, recent studies have reported that pDCs from healthy subjects also express TLR2 on the cell surface [35, 36] , which recognizes a wide array of viral proteins after forming heterodimers with TLR1 or TLR6 [37] . Virus-infected cells release high mobility group box 1 (HMGB1), which functions as an extracellular signaling and DAMP molecule [38] . It has been shown that HMGB1 binds to at least five different cell surface receptors including receptor for advanced glycation endproducts (RAGE) [39] expressed by pDCs [40] . Ligand-RAGE interaction generates oxidative stress via activation of NADPH oxidase and amplification of mtROS production (reviewed in [41] ). These findings indicate that several mechanisms can be responsible for enhanced mtROS production in pDCs at the early phase of Previously, we have shown that exogenously added ROS impact the cellular responses of primary human pDCs to microbial stimulus. Most importantly, a low dose of hydrogen peroxide (H 2 O 2 ) inhibited the TLR7-induced phenotypic activation, cytokine production, and the Tcell-activating capacity of pDCs [42] . Our recent results show that similarly to H 2 O 2 , mtROS decrease the TLR9-induced type I IFN secretion of both GEN2.2 cells and primary pDCs. Thus, our results suggest that endosomal TLR-mediated antiviral responses of human pDCs are greatly sensitive to ROS and reduced when exposed to either exogenous or endogenous sources of ROS.
Previously, it was thought that plasmacytoid DCs preferentially use the TLR system rather than RIG-I-like receptors (RLR) for the detection of viral infections contrary to conventional dendritic cells or 
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Redox Biology 13 (2017) [633] [634] [635] [636] [637] [638] [639] [640] [641] [642] [643] [644] [645] macrophages [43] . However, we have recently found that RIG-I also contributes to viral recognition and subsequent antiviral immune responses of pDCs [14] . In resting human pDCs, RIG-I is expressed at a very low level, but its expression is greatly upregulated by stimulating the cells with TLR7 or TLR9 ligands [14] . Thus, our previous results imply that upon recognition of viral nucleic acids the early type I IFN response depends on TLR-mediated signals, whereas the second wave of type I IFN production can be mediated by RLR signaling as well. After sensing viral nucleic acids, TLR7 and TLR9 receptors activate NF-κB and IRF7 in a MyD88-dependent manner, whereas RLRs interact with the MAVS adaptor protein leading to activation of the NF-κB, IRF3 and IRF7 transcription factors [44] . Similar to TLRs, the signaling of cytosolic RLRs is also regulated via mtROS. This was explored by the use of autophagy defective Atg5 -/-mouse fibroblasts and macrophages, which accumulate dysfunctional mitochondria as well as mitochondria-associated MAVS and exhibit elevated mtROS levels [45] . Atg5 -/-cells also possess increased RLR signaling, type I IFN secretion and resistance to vesicular stomatitis virus (VSV) infection that can be blocked by antioxidant treatment [45] . Our current findings that mtROS have a positive impact on the TLR-induced RIG-I pathway in pDCs, are in line with these previous results showing that mtROS potentiate RLR signaling [45] . Thus, our results further support the idea that mtROS are important second messengers in the RIG-I-MAVS signaling pathway during viral infection. A recent study concluded that mtROS modulate the DNA virus-triggered but not the RNA virus-initiated innate immune responses negatively in a murine model [46] . Inhibition of electron transport chain decreased the Herpes simplex virus (HSV)-but not the Sendai virus-induced production of cytokines indicating that mitochondrial oxidative stress modulates DNA-driven innate immune responses, whereas RIG-I, which recognizes Sendai virus is insensitive to mtROS [46] . In addition, murine peritoneal macrophages treated with AMA showed diminished CCL5 and IFN-β production upon stimulation of TLR2, TLR4, TLR9 and DNA receptors but not of RLRs [24] . Moreover, pre-treatment with inhibitors of the electron transport chain reduced the HSV-2-induced IκBα phosphorylation and IRF3 nuclear translocation in human THP1 macrophages and murine peritoneal cells. By contrast, our findings demonstrate increased IRF3 activation upon AMA treatment of RIG-I-stimulated pDCs and we suppose that the varying results might be explained by cell type specificities. Since RIG-I might also signal through IRF7 we have also measured its phosphorylation at serine 477 following treatments; however, we could not detect any differences (data not shown). Therefore, we suggest that mtROS promote the RIG-mediated type I IFN production through enhancing the activation of IRF3 in human pDCs. Despite the identification of many signaling partners linking MAVS to the IRF and NF-κB routes the regulating mechanisms of MAVS in virus-induced signaling are poorly understood. A recent study revealed that PI3K and Akt play a pivotal role for the RIG-I mediated signaling via association with MAVS [21] . Inhibition of PI3K and Akt blocked IRF3 activation and IFN-β expression induced by the RIG-I agonist short polyinosinic-polycytidylic acid (polyI:C) or Sendai virus in macrophages. Further, it was shown that the pleckstrin homology domain of Akt interacts with the CARD domain of MAVS and the regulatory unit of PI3K also associates with it. These results suggest that Akt and MAVS provide a signaling platform for activating downstream signaling pathways upon viral infection. Moreover, a recent study indicates that the release of mtROS into the cytoplasm induces ROS-dependent phosphorylation of Akt [47] . In line with these reported findings we observed that RIG-I stimulation is associated with the augmentation of Akt phosphorylation, that could be further increased by AMA treatment. When investigating MAVS protein levels we could detect an mtROS-dependent but RIG-I-independent upregulation of the protein level. These observations correlate with previous findings showing that oxidative-stress can lead to MAVS oligomerization and subsequent activation independently of RIG-I helicases [48] . Based on these findings we suggest that one of the mechanisms whereby mtROS support the RIG-I mediated signaling pathway is the modulation of MAVS activity, however, this hypothesis requires further clarification. Plasmacytoid DCs are the major sources of type I IFNs upon viral infections; however, the excessive production of type I IFNs is not always beneficial, as it can result in uncontrolled inflammation and destruction of healthy tissues [43] . In this regard, control of the TLRmediated systemic IFN responses by circulating pDCs during the early phase of viral infection may prevent excessive tissue damage. At the late stages of infection pDCs redistribute to the infected peripheral tissues where they can be exposed to elevated levels of ROS produced by inflammatory cells (reviewed in [26] ) and can be infected by replicating viruses leading to cytosolic recognition of viral RNA by RIG-I, which results in the second wave of type I IFN production in pDCs. Of note, the RIG-I mediated second phase of IFN production is much lower compared to the TLR-initiated first phase of IFN secretion and is boosted by mtROS as supported by our results.
In conclusion, we propose a model where mtROS impact the TLRinduced first wave of type I IFN responses negatively, whereas affect the RIG-I-mediated second wave of type I IFN production positively (Fig. 9) . The opposing effect of mtROS on the TLR-and RLR-mediated signaling pathway reflects the versatile role of mtROS in fine-tuning the type I IFN mediated innate immune responses by pDCs. Further characterization of this spatio-temporal regulation of signaling pathways by mtROS might expand our knowledge to improve drugs targeting Fig. 7 . Effects of AMA treatments on the first and second waves of type I IFN production in primary human pDCs. Freshly isolated primary pDCs were stimulated with the TLR9 agonist CpG-A (1 μM) in the presence or absence of AMA (0.5 μg/ml). After 6 h of stimulation the mRNA expression of IFNA1 was measured by real-time PCR (A) and the level of secreted IFN-α cytokine was determined by ELISA (B). To investigate the effects of AMA on the second wave of type I IFN responses, primary pDCs were pre-treated with CpG-A for 16 h then after thorough washing steps cells were re-exposed to 5′ppp-dsRNA (RIGL, 1 μg/ml) in the presence or absence of AMA (0.5 μg/ml). After 3 h the IFNA1 mRNA expression level was determined by real-time PCR (C) and after 6 h IFN-α protein level was assessed by ELISA (D). Data are presented as means ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control, # p < 0.05 vs. CpG-A or RIGL and ## p < 0.01 vs. CpG-A or RIGL. AMA: Antimycin-A, ND: not determined. mtROS-dependent molecules for the treatment of inflammatory diseases. Fig. 9 . Overview of the effects of elevated level of mtROS on the endosomal TLR-, and cytosolic RIG-I-mediated pDC activation. Upon infection cells are affected by many various exogenous and endogenous stress factors leading to higher respiratory activity of the mitochondria and subsequent increase in mtROS production in the cells. We found that the elevated level of mtROS has a negative impact on the first wave of type I IFN responses mediated by endosomal TLRs whereas it has a positive effect on the second wave of type I IFN production guided by cytosolic RIG-I receptor in pDCs. Thus, our data indicate opposing regulatory role of mtROS depending on the receptor-context in pDCs.
